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Department of Biology, University of Utah, Salt Lake City, UtahABSTRACT Small-angle neutron scattering was used to study the effects of macromolecular crowding by two globular
proteins, i.e., bovine pancreatic trypsin inhibitor and equine metmyoglobin, on the conformational ensemble of an intrinsically
disordered protein, the N protein of bacteriophage l. The l N protein was uniformly labeled with 2H, and the concentrations
of D2O in the samples were adjusted to match the neutron scattering contrast of the unlabeled crowding proteins, thereby mask-
ing their contribution to the scattering profiles. Scattering from the deuterated l N was recorded for samples containing up to
0.12 g/mL bovine pancreatic trypsin inhibitor or 0.2 g/mL metmyoglobin. The radius of gyration of the uncrowded protein was
estimated to be 30 A˚ and was found to be remarkably insensitive to the presence of crowders, varying by <2 A˚ for the highest
crowder concentrations. The scattering profiles were also used to estimate the fractal dimension of l N, which was found to be
~1.8 in the absence or presence of crowders, indicative of a well-solvated and expanded random coil under all of the conditions
examined. These results are contrary to the predictions of theoretical treatments and previous experimental studies demon-
strating compaction of unfolded proteins by crowding with polymers such as dextran and Ficoll. A computational simulation
suggests that some previous treatments may have overestimated the effective volumes of disordered proteins and the variation
of these volumes within an ensemble. The apparent insensitivity of l N to crowding may also be due in part to weak attractive
interactions with the crowding proteins, which may compensate for the effects of steric exclusion.INTRODUCTIONThe intracellular concentrations of macromolecules are
remarkably high, occupying as much as 30% of the available
volume (1–3), and the possible consequences of these envi-
ronments on molecular structure and function have been the
subject of increasing attention over the past decade (4–9).
Although proteins, nucleic acids, and other molecules may
influence one another through a variety of specific and
nonspecific interactions, the most basic and universal conse-
quence of high concentrations is the reduction in accessible
volume through steric exclusion. Because they differ greatly
in their overall dimensions, the folded and unfolded confor-
mations of proteins are expected to be differentially sensitive
to crowding. High concentrations of other macromolecules
are expected to favor thermodynamically the native state
of a protein relative to its more expanded unfolded state, sug-
gesting that the conformational stabilities of proteins in vivo
may be greater than estimated from in vitro experiments. In
addition, crowding is predicted to shift the distribution of
conformations in the unfolded ensemble toward its more
compact members. Both theoretical and experimental ap-
proaches have been used to study the effects of steric exclu-
sion on protein conformation, but no clear consensus
regarding the magnitudes of these effects has yet emerged
(10–26).
One of the areas of greatest uncertainty in understanding
the effects of macromolecular crowding on protein foldingSubmitted October 15, 2013, and accepted for publication December 2,
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states of proteins. It is widely believed that the thermody-
namic effects of steric exclusion on folded globular proteins
can be adequately accounted for by using the results of
theories developed to describe solutions of hard convex par-
ticles, such as scaled particle theory (SPT) (5,6,27). In
contrast, the treatment of unfolded proteins, which are broad
ensembles of rapidly interconverting conformations, is
much more difficult, both because the nature of these
ensembles remains controversial (28–31) and because the
individual conformations are not easily described by simple
parameters. A variety of approaches have been used to
represent the unfolded ensemble in theoretical treatments,
but the predicted effects of crowding differ significantly,
and it is not yet clear which treatments are most appropriate
(10,11,19,27,32–36). As a consequence, direct experimental
studies of the effects of steric exclusion on disordered pro-
teins are particularly important.
Small-angle x-ray scattering (SAXS) and small-angle
neutron scattering (SANS) both offer powerful means of
examining macromolecules under a wide range of con-
ditions, including high concentrations (37–39). SANS
measurements are of particular interest in the study of
highly-crowded samples because the scattering properties
of neutrons from the two stable isotopes of hydrogen, 1H
and 2H, are distinguishable (40–42), making it possible to
characterize an isotopically labeled component in the pres-
ence of high concentrations of another, unlabeled, compo-
nent (43,44). In a previous study (35), we demonstrated the
feasibility of using SANS to characterize an unfolded pro-
tein in the presence of a globular protein at concentrationshttp://dx.doi.org/10.1016/j.bpj.2013.12.003
906 Goldenberg and Argyleup to 0.13 g/mL. The proteins used for that study were the
N protein of bacteriophage l (l N), an intrinsically disor-
dered protein (IDP) of 107 amino-acid residues, and bovine
pancreatic trypsin inhibitor (BPTI), a 58-residue globular
protein. The l N protein was uniformly labeled with 2H,
and the D2O composition of the solvent was adjusted to
match the scattering cross-section of the unlabeled BPTI,
thus making the crowder protein essentially invisible in
the scattering profiles. The initial results from these exper-
iments indicated that crowding leads to a detectable
compaction of the unfolded protein, but the effects were
substantially smaller than predicted by simple models.
The interpretation of the data was limited, however, by
the presence of aggregates of l N, which prevented accu-
rate estimates of the protein’s radius of gyration (Rg).
We describe here further SANS crowding studies of l N,
using both BPTI and equine metmyoglobin (Mb) as crowd-
ing molecules. As described in the accompanying article in
this issue of the Biophysical Journal, these two proteins
display quite different self-crowding behavior, with Mb be-
ing well described by a simple hard-sphere model and BPTI
showing clear evidence for weak attractive interactions (45).
By refining the solution conditions, the previous problem of
l N aggregation was eliminated, resulting in data of much
higher quality. The new data indicate that the average di-
mensions of the disordered protein are remarkably insensi-
tive to crowding by either of the globular proteins, at
concentrations up to 0.2 g/mL. A revised computational
simulation of the disordered protein provides insights into
the steric properties of disordered proteins, but also suggests
that attractive interactions between l N and the crowding
proteins may be significant.MATERIALS AND METHODS
Protein samples
Bovine pancreatic trypsin inhibitor (Aprotinin) was purchased from Roche
Applied Science (Pleasanton, CA). Myoglobin from equine heart (catalog
No. M1882) was purchased from Sigma-Aldrich (St. Louis, MO) and was
assumed to be in the metmyoglobin (Fe III) form (46). Both proteins were
supplied as lyophilized powders and used without further purification. Con-
centrations of BPTI solutions were determined by absorbance at 280 nm,
assuming an extinction coefficient of 5400 cm1 M1 (47). Myoglobin
concentrations were determined by absorbance at 500 nm, assuming an
extinction coefficient of 10,000 cm1 M1 (46). BPTI and Mb samples
were prepared by dissolving the lyophilized proteins in buffer solution con-
taining 50% D2O (vol/vol), 1 M urea, and 50 mM Na-Phosphate, pH 7. The
protein solutions were concentrated using AmiconUltra-15 centrifugal filter
units with Amicon Ultracel-3 cellulose membranes (Millipore, Billerica,
MA; 3000 or 10,000 Da cutoff for BPTI or Mb, respectively).
Bacteriophage l N protein was purified from Escherichia coli
BL21(DE3) bacteria containing the expression plasmid pET-N1, described
by Rees et al. (48). The N protein gene contained a single mutation, replac-
ing Cys93 with Ser, to avoid possible reactions with the Cys thiol. Cultures
for preparing perdeuterated samples were grown in the PG medium of
Studier (49) containing 90% D2O (Cambridge Isotopes Laboratories,
Tewksbury, MA) and 100 mg/mL ampicillin. (All D2O concentrations are
expressed as volume/volume percentages.) The l N protein was purifiedBiophysical Journal 106(4) 905–914from the insoluble fraction of lysed bacteria as described previously
(35,50,51). From sodium dodecyl-sulfate gel electrophoresis, nondenatur-
ing gel electrophoresis and reversed-phase high-performance liquid chro-
matography, the protein was estimated to be at least 95% pure.
For storage and transport, the purified lNwas dialyzed against 0.1M ace-
tic acid and lyophilized. Before SANS measurements, the lyophilized pro-
tein was dissolved in 6 M GuHCl, 50 mM pH 7 Na-phosphate buffer. The
l N and crowding proteins were then dialyzed, separately, against 1 M
urea, 50 mM pH 7 Na-phosphate, in 0–90% D2O as indicated for the partic-
ular experiment. The concentrations of the proteins were then determined by
optical absorbance, mixed in the appropriate ratios and again dialyzed
against the same buffer solution. The samples were then concentrated using
Amicon Ultra-15 centrifugal filter units with Amicon Ultracel-3 cellulose
membranes (Millipore; 3000 Da cutoff), and the total protein concentration
was determined by ultraviolet absorbance. The flow-through fractions from
the concentrators were used as reference samples for SANS measurements.Small angle neutron scattering
SANS data were recorded using the Bio-SANS instrument at the Center for
Structural Molecular Biology, Oak Ridge National Laboratory (Oak Ridge,
TN). Samples were placed in quartz cylindrical cells (Hellma USA, Plain-
view, NY) with a 1-mm path length and maintained at 20C. The neutron
wavelength was 6.0 5 0.15 A˚, and the sample/detector distance was
2.538 m. The D2O concentration for optimum contrast matching was
determined by recording scattering profiles for BPTI or Mb samples
(z35 mg/mL) dissolved in buffer containing 0, 20, 60, 75, and 90%
D2O. The scattering intensities (with a negative sign assumed for samples
containing >60% D2O) were plotted as a function of D2O concentration,
from which the interpolated concentration for zero scattering was esti-
mated. For BPTI, 56% D2O was used for all of the subsequent experiments,
and 43% D2O was used for Mb. Subsequent reanalysis of the contrast-
matching data revealed errors in the original analysis, and the correctly
calculated match points were estimated to be 46 and 39% D2O for BPTI
and myoglobin, respectively. Nonetheless, excellent suppression of scat-
tering from the crowder proteins was obtained with the D2O concentrations
used. For each of the samples containing l N, data were recorded for 2 h.
Reference samples contained the same buffer and the same concentrations
of D2O and crowder protein. Data from the two-dimensional neutron detec-
tor were reduced and converted to one-dimensional scattering profiles using
the MANTID software package, Ver. 1.30 (http://www.mantidproject.org/).
Scattering profiles are presented in arbitrary scattering units as a function of
scattering angle expressed as q ¼ (4 p sin q)/l, where q is one half of the
scattering angle and l is the neutron wavelength. Further analyses,
including model fitting, were carried out using locally written software,
the Utah SAXS Tools (available from http://bioweb.biology.utah.edu/
goldenberg/software.shtml).Computational modeling
The procedure used to generate random ensembles of calculated structures
using the program DYANA (52) (since superseded by CYANA, http://www.
cyana.org/) has been described in the literature (35,51,53,54). In brief, the
l N sequence was represented with all nonhydrogen atoms, and initial con-
formations were generated by setting each of the dihedral angles to a
random value. The backbone dihedral angles were sampled from the al-
lowed regions of the Ramachandran plot, as described in Johansen et al.
(35,51), while side-chain dihedral angles were sampled uniformly. The
dihedral angles were then adjusted to minimize the CYANA target function,
which reflects only steric overlaps. A total of 259,633 random conforma-
tions were generated. Structures for which the CYANA target function
was >0.01 A˚2 were discarded, leaving a total of 228,259. This is the
same computed ensemble as used in Johansen et al. (35,51). For each of
these structures, the excluded covolumes of the polypeptide and spheres
of defined radius (see below) were calculated using a grid-search algorithm.
600
400
200
0
1000
500
0
0.40.30.20.10
0.2
0.3
0.034 (0% D2O)
0.05
0.1
Myoglobin conc, (g/mL)
0.034 (0% D2O)
0.06
0.12
BPTI conc. (g/mL)
A
B
FIGURE 1 Small-angle neutron scattering from BPTI (A) and myoglobin
(B) with and without solvent contrast matching. Data for the different sam-
ples are displaced vertically for clarity, in the order indicated by the key.
Unless indicated otherwise, the D2O concentration was 56% for BPTI sam-
Molecular Crowding of a Disordered Protein 907The volume occupied by protein hydrogen atoms was accounted for implic-
itly by using the group atomic radii of Chothia (55). The accessible surface
areas (ASA) of the individual conformations were calculated using the al-
gorithm of Lee and Richards (56), as implemented in the program ACCESS
by T. J. Richmond. The probe radius used for ASA calculations was 1.4 A˚.
SANS profiles were calculated from the atomic coordinates of the individ-
ual conformations using the program CRYSON (57), assuming a solvent
deuteration fraction of 46 and 85% fractional perdeuteration of the protein.
To predict population averages for the computed ensembles under
different conditions, the individual conformations were weighted by both
a solvation energy term (54), proportional to ASA, and a macromolecular
crowding term calculated from the excluded covolume of the lN conforma-
tion and a sphere representing the crowding molecule (35). For each confor-
mation, the polypeptide was represented as a sphere with the equivalent
covolume, and the effective radius (reff) of the sphere was calculated as
reff ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
3y=ð4pÞ3
p
 rs; (1)
where y is the covolume and rs is the radius of the crowding particle. The
change in chemical potential, Dm(f), due to transferring the sphere with
radius reff from a dilute solution to one containing the crowding molecule
at a volume density f, was calculated using the results of scaled particle
theory for spheres (58), following Eq. 33 of Minton (11). The Boltzmann
weighting factor, wi, for conformation i was calculated as
wi ¼ e
ðASAiDGsolvþDmiðfÞÞ=RT
PN
i¼ 1e
ðASAiDGsolvþDmiðfÞÞ=RT
; (2)
where N is the total number of conformations, DGsolv is the average solva-
tion free energy per unit of surface area, R is the gas constant, and T is tem-
perature. The Boltzmann weighting factors were used to calculate the
average radii of gyration and SANS profiles of the simulated ensembles.ples and 43% for myoglobin samples. The error bars in this and other SANS
profiles represent standard deviations calculated from counting statistics. To
see this figure in color, go online.RESULTS
As noted in the Introduction, our previous SANS study of
l N was hampered by the presence of aggregates, which
were likely promoted by the inclusion of D2O in the protein
samples. D2O is known to have effects that are qualitatively
opposite those of denaturants such as urea or guanidinium
chloride, typically reducing protein solubility and in-
creasing stability (59–63). To counter this effect, the sam-
ples used in this study included 1 M urea, a concentration
that does not significantly destabilize the native conforma-
tions of BPTI or Mb (64–66) and causes only small changes
in the SAXS profile for l N (51).
For these experiments, l N was uniformly labeled with
2H, and the D2O concentration of the buffer solution was
adjusted to match the scattering contrast of the unlabeled
crowding proteins. As shown in Fig. 1, the scattering from
BPTI and Mb was effectively suppressed at protein concen-
trations up to 0.12 and 0.2 g/mL, respectively. Although
scattering from Mb at even higher concentrations was also
reduced by contrast matching, these concentrations also
reduced the scattering contrast for l N, and curvature of
the baselines prevented analysis of the l N scattering under
these conditions.
As shown in Fig. 2, the overall shape of the SANS profile
from l N was found to be remarkably insensitive to thepresence of either BPTI or Mb, up to the maximum crowder
concentration examined, 0.2 g/mL Mb. Each of the scat-
tering curves shown in Fig. 2 was well fit by the profile pre-
dicted by a computational model for l N that has previously
been shown to match SAXS data for lN alone under similar
conditions (51) (see below).
The scattering data from very small angles (q %
0.05 A˚1) were analyzed using Guinier plots of ln(I) versus
q2 (Fig. 3 A). Average radii of gyration were estimated by
fitting to the Guinier approximation,
IðqÞ ¼ Ið0Þeq2R2g=3; (3)
where I(0) is the scattering intensity extrapolated to zero
angle. In the absence of either BPTI or Mb, SANS data
for samples containing 0.005, 0.01, and 0.02 g/mL l N
yielded estimates of Rg of 31.1 5 1 A˚, 30.3 5 0.5 A˚,
and 31 5 0.4 A˚, respectively. These values are signifi-
cantly smaller than those previously determined by us us-
ing SAXS for l N under similar conditions, but in the
absence of urea or D2O, 38 5 3.5 A˚ (51). Although the
earlier data did not display evidence for significant
aggregation (e.g., in the form of upward curvature of the
scattering profiles at very small angles), they did indicateBiophysical Journal 106(4) 905–914
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FIGURE 2 Small-angle neutron scattering from 0.01 g/mL l N in the
presence and absence of globular crowding proteins. D2O concentrations
were 46, 56, and 43% for the samples containing no crowding protein,
BPTI, or myoglobin, respectively. Data for different samples are displaced
vertically for clarity. (Curves) Fits of the experimental data to the SANS
profile predicted for a calculated ensemble of random l N conformations,
with the conformations weighted by a solvation free energy parameter of
1 cal/mol. Each experimental profile was fit to the same predicted curve us-
ing the method of least squares, with the experimental data points inversely
weighted by their square roots to reflect counting uncertainties. The fits
incorporated two adjustable parameters—a multiplicative scaling factor
to account for differences in total scattering intensity and an additive con-
stant to account for errors in background subtraction.
908 Goldenberg and Argylea decrease in Rg, to 30 A˚, when urea was added to a con-
centration of 1 M (see Fig. 3C of Johansen et al. (51)).
The smaller radius of gyration is also more consistent
with the dimensions for unfolded proteins in denaturants
(67). It thus appears that a small degree of aggregation
does occur in the absence of urea, with or without D2O,
but is largely eliminated by the addition of 1 M urea.
For all of the crowded conditions examined, Rg lay be-
tween 29.1 and 30.7 A˚, with uncertainties of ~1 A˚ and
no apparent correlation with the crowder density. It should
be noted, however, that the uncertainties in the radii of gy-
ration are based only on counting statistics, and additional
factors are likely to contribute to the overall experimental
uncertainties.
In Fig. 3 B, the SANS data are presented in the form of
log(I) versus log(q) plots. For many particle types, it is
found, from both experiment and theory, that the data
from intermediate scattering angles follow a power-law
function of the formBiophysical Journal 106(4) 905–914IðqÞ ¼ CqDm ; (4)
where C and Dm are constants (68). For polymers, the expo-
nent, Dm, is related to the Flory exponent, n ¼ 1/Dm, which
describes the relationship between chain length and Rg
according to
Rg ¼ R0Nn; (5)
where N is the number of residues in the chain, and R0 is a
constant (67,69,70). The value of Dm, or equivalently n, re-
flects the degree of compaction of the chain and is sensitive
to the energetic balance between intramolecular interactions
and interactions with the solvent (67,69–72). For an ideal-
ized random-flight chain (without excluded volume effects),
Dm ¼ 2. Under conditions where the excluded volume of a
real chain is exactly balanced by unfavorable interactions
with the solvent, described as a q-solvent or ideal-solvent,
Dm is also equal to 2. If the chain interacts equally well
with itself and the solvent, Dmz 1.7. Dm may also be inter-
preted as a mass fractal dimension, which describes the
scaling between the mass of an object and its linear dimen-
sions (51,54,73–75). As shown in Fig. 3 B, the intermediate-
q data (0.078 A˚1% q% 0.21 A˚1) for l N were well fit to
the power-law relationship, with Dm ¼ 1.71–1.97. The
average value of Dm was 1:8150:04, and there was no
correlation with the crowder concentrations. These results
indicate that l N is, under these conditions, a relatively
expanded chain and may interact with the solvent somewhat
less well than it does with itself, but more favorably than
with a q-solvent.
The SANS data thus indicate that the average global
structure of l N is remarkably insensitive to the presence
of either of the globular proteins. This result is contrary to
the predictions of simple models for crowding effects, as
discussed further below.
Comparison with a computational model for
crowding of unfolded proteins
We have previously described a computational model for
unfolded protein ensembles and their nonspecific interac-
tions with solvents and crowding molecules (35,51,53,54).
In this model, polypeptide chains are represented with all
nonhydrogen atoms and ideal bond lengths and angles. Indi-
vidual conformations in an ensemble (typically 200,000
chains) are generated by setting the dihedral angles to
random values and then adjusting those angles to minimize
steric overlaps, both local and long range. The simulated en-
sembles have been shown to have the statistical properties of
polymer chains with excluded volume and to match moder-
ately well experimental measurements of unfolded proteins
in strong denaturants, including the average dimensions and
small-angle scattering profiles. An implicit assumption in
the model is that intramolecular interactions are, on average,
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FIGURE 3 Small-angle neutron scattering from
l N in the presence and absence of globular crowd-
ing proteins, presented as Guinier (A) and log-log
(B) plots. In panel A, the radius of gyration was
estimated by fitting data for 0.022 A˚1 % q %
0.049 A˚1 to the Guinier relationship (Eq. 3). In
panel B, the fractal dimension, Dm, was estimated
by fitting the data for 0.078 A˚1 % q %
0.21 A˚1 to the power-law relationship of Eq. 4.
The uncertainties in Rg and Dm are the standard er-
rors derived from the least-squares fits.
Molecular Crowding of a Disordered Protein 909energetically equivalent to interactions between the poly-
peptide chain and solvent, and that all of the generated
conformations are isoenergetic. The treatment has been
extended to account for general polypeptide-solvent interac-
tions by introducing a Boltzmann weighting factor based on
an adjustable energy term that is proportional to accessible
surface area (54). Similarly, the effects of macromolecular
crowding have been simulated using Boltzmann weights
based on the calculated excluded volumes of the individual
chains (35).
Previous comparisons of experimental SAXS profiles
for l N with those predicted by the computational model
indicate that the experimental data are well matched by
the simulations using values for the solvation energy param-
eter, DGsolv,%~1 cal/mol (51). The curves fit to the exper-
imental SANS data in Fig. 1 are based on this upper value,
and show an excellent fit, as did fits based on a solvation free
energy of 2 cal/mol. We therefore used these simulations to
represent the uncrowded proteins and added a crowding free
energy to the solvation energy term to simulate the effects of
BPTI and Mb.
The crowding free energy for each conformation was
computed using the results of SPT to calculate the change
in chemical potential for transferring an equivalent sphere
from a dilute solution to one containing spherical particles
of defined radius, r, and concentration, expressed as the vol-
ume fraction, f, occupied by the spheres. BPTI andMb were
represented as spheres of 15 and 20 A˚, respectively. For each
l N conformation, the excluded covolume of the protein and
sphere was calculated numerically and used to determine the
radius of a sphere with an equivalent covolume. Results us-
ing this method were presented in an earlier article (35), but
a programming error in those calculations led to a significant
overestimation of the equivalent sphere radii of the l Nconformations and a corresponding overestimate of the
crowding free energies (76). The corrected results for crow-
ders with both 15 and 20 A˚ radii are presented here.
Fig. 4, A and B, shows the simulated redistributions of the
l N ensemble due to crowding by spheres of 15 and 20 A˚,
respectively. Each of these distributions was weighted by
a solvation free energy of 1 cal/mol and the indicated crowd-
ing density. For the uncrowded distribution, the ensemble
included conformations with radii of gyration from 17 to
68 A˚ and a root-mean-square (RMS) average of 35 A˚. As
expected, increasing crowder concentrations led to a shift
toward more compact conformations, with the RMS average
approaching 25 A˚ for the 15 A˚-radius spheres at f¼ 0.3. For
a given volume fraction occupied, the smaller crowding
particle is predicted to cause a larger shift in the distribution,
a result consistent with other treatments (6,11).
In Fig. 4, C and D, the predicted changes in the RMS
radius of gyration are plotted for different values of DGsolv
and crowding density. More positive values of DGsolv lead,
as expected, to more compact distributions, but the pre-
dicted effects of crowding are qualitatively similar for
each solvation condition, representing a reduction of the
RMS radius of gyration by ~10% for the most crowded con-
ditions examined in this study (f ¼ 0.17 and 0.22 for 0.12
g/mL BPTI and 0.2 g/mL Mb, respectively). The corrected
simulations thus predict relatively small changes in the
average dimensions of the disordered protein, but these
are still larger than the minimal changes detected experi-
mentally, which are estimated to be <1–2 A˚, or 3–6%.DISCUSSION
The experimental results presented here, demonstrating
minimal effects of macromolecular crowding on anBiophysical Journal 106(4) 905–914
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FIGURE 4 Simulation of solvation and crowd-
ing effects on l N. (A and B) Distributions of l N
conformations in the presence of increasing con-
centrations of spherical particles with radii of
15 A˚ (A) or 20 A˚ (B). An unweighted distribution
composed of z225,000 conformations was
weighted to represent the effects of an unfavorable
solvation free energy of 1 cal/mol and the indicated
crowding density. (Dashed lines) Distributions for
the different crowding densities, which were calcu-
lated from the excluded covolumes of the individ-
ual conformations and a sphere of the indicated
radius, as described in the text. The distributions
are represented as the number of chains with radii
lying within intervals of 2 A˚. (C and D) RMS (Rg)
of weighted ensembles as a function of crowding
density, for different values of the solvation free
energy. To see this figure in color, go online.
910 Goldenberg and Argyleunfolded protein, were quite unexpected in light of prevail-
ing models that emphasize the influence of steric exclusion
on conformational equilibria. An SPT treatment by Minton
(11), for instance, predicts a decrease of ~30% in the RMS
radius of gyration of an unfolded protein by crowding under
conditions similar to those used in this study. However, our
results may be consistent with a variety of other experi-
mental and computational results, suggesting that the effects
of macromolecular crowding are generally more modest,
and more variable, than suggested by other theoretical treat-
ments (19,21,25,26,33). Among the factors determining the
magnitudes of these effects, two that may be particularly
important and are as yet incompletely understood are the
steric properties of disordered polypeptide conformations
and the role of weak interactions between the proteins and
crowding agents.
The corrected simulation results shown in Fig. 4 provide
some insight into the first of these issues, the nature of the
steric interactions between disordered proteins and globular
crowders. Although the simulations do predict compaction
upon crowding, these effects are significantly smaller than
those predicted by Minton, which were based on the same
formulation of SPT for a solution of spherical particles.
The major difference between the two treatments concerns
the calculation of the effective sphere radii (reff) for the
disordered protein conformations. The earlier work by Min-Biophysical Journal 106(4) 905–914ton (11) was also based on computational ensembles gener-
ated by this laboratory, but the effective radii used in the
SPT calculations were derived from assumed relationships
between reff and Rg.
In one set of calculations, reff was calculated as
ﬃﬃﬃﬃﬃﬃﬃ
5=3
p
Rg,
the relationship for a solid sphere. In a second set, a
Gaussian cloud model was employed, so as to allow for
partial penetration of the sphere enclosing the disordered
molecule. Both of these models predict a strong correlation
between Rg and the effective sphere radius, with reff > Rg
(up to Rgz 40 A˚; see Fig. 9 of Minton (11)). In the present
study, the excluded covolumes were directly calculated
from the atomic coordinates of the simulated conforma-
tions, and reff was calculated as the radius of a sphere
with the same covolume. A histogram representing the rela-
tionship between Rg and reff for the conformations in the
unweighted distribution (Fig. 5) shows that reff is <Rg for
the vast majority of the conformations, and that the range
of variation of reff is much smaller than that of Rg. The
underlying reason for the relative insensitivity of Rg (and
the covolume) can be seen from representative structures
with different radii of gyration, which are also shown in
Fig. 5. Larger radii of gyration are associated with more
fully extended conformations, rather than expansion of
an approximately spherical envelope. Once most of the
chain is accessible to the crowding particle (shown as a
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FIGURE 5 Two-dimensional histogram representing the unweighted
distribution of ~225,000 simulated l N conformations with different radii
of gyration (Rg) and equivalent sphere radii (reff), calculated from the
excluded covolumes with a crowding sphere of radius 15 A˚ (Eq. 1). The his-
togram is divided into 20,000 bins representing intervals of 0.35 A˚ in each
dimension. The occupancies of the bins are represented by the color key, as
the fraction of the total number of conformations. (Dashed line) Bins for
which reff ¼ Rg. Structures of representative conformations in the ensemble
are shown as space-filling models, each oriented so that the larger two di-
mensions lie approximately in the plane of the page. The sphere represents
the crowder used to calculate the covolume, with its position on the graph
indicating its own surface radius (15 A˚) and radius of gyration (11.6 A˚).
To see this figure in color, go online.
Molecular Crowding of a Disordered Protein 91115 A˚-radius sphere in Fig. 5), further expansion leads to
only small increases in the excluded covolume. As a conse-
quence, the calculated changes in the relative free energies
of different conformations due to crowding are substantially
less than might be expected from the differences in the radii
of gyration.
The treatment of unfolded polypeptides as spheres with
equivalent covolumes represents a major approximation.
However, other recent computational studies, based on other
methods, predict effects with magnitudes similar to those
derived from the simple model used here. A molecular dy-
namics (MD) study by Mittal and Best (19), for instance,
predicts a decrease of only z15% in the average radius of
gyration at crowding densities as high as 0.4. This study
also predicted relatively modest crowding-induced stabili-
zation of native proteins relative to their unfolded states,
of ~2–3 kcal/mol for a 90-residue protein crowded
by 16 A˚ spheres at densities up to 0.3, an effect much
smaller than predicted by the theory of Minton with
reff ¼
ﬃﬃﬃﬃﬃﬃﬃ
5=3
p
Rg. These authors, however, found very good
agreement between the stabilization predicted by their
MD simulation and the Minton treatment if the average
sphere radius of the unfolded molecules is assumed to be
~0.8 times the average radius of gyration. This ratio is quite
similar to that calculated for the unweighted distribution
used here, for which hreffi/hRgi ¼ 0.77.Studies by Qin and Zhou (33,34), using a computational
approach conceptually similar to that used here, also predict
relatively small stabilization effects. In this approach,
termed ‘‘postprocessing’’, conformations derived from an
MD simulation in the absence of crowders are weighted to
reflect the free energy of transfer to a crowded solution. In
one study, the transfer free energy was calculated by directly
testing the ability to insert representative polypeptide con-
formations into random positions in a distribution of spher-
ical crowding molecules (33). In a subsequent study, the
transfer free energies were calculated by using a generalized
form of fundamental measure theory closely related to
(although not identical to) scaled particle theory, which
then has the important advantage of being applicable to non-
convex particles. Qin and Zhou (33) have shown excellent
agreement between the two methods, as well as with the
simulations of Mittal and Best (77). Qin and Zhou (78)
have also simulated the effects of crowding on a coarse-
grained model of an IDP, and obtained results qualitatively
similar to those shown in Fig. 4.
An additional factor likely to influence the effects of
crowding on disordered proteins is the contribution of
weak attractive or repulsive interactions between the dis-
ordered protein and the crowding molecules. Most experi-
mental studies of molecular crowding have used synthetic
polymers, especially polyethylene glycol and polyvinyl-
pyrrolidone, and the polysaccharides dextran and Ficoll,
as crowding agents. These macromolecules are advanta-
geous as model crowding agents because they are readily
available in highly purified form and do not interfere with
spectroscopic methods commonly used to study protein
conformation, including fluorescence and NMR. Numerous
studies using polymeric crowders have demonstrated stabi-
lization of folded proteins, relative to the unfolded state
(13,15,17,79–82), and, in a smaller number of cases,
measurable compaction of unfolded states (83–85).
Compaction of polyethylene glycol by Ficoll has also
been demonstrated using SANS (43,44).
Recent work (21, 25) indicates, however, that the net
crowding effects of synthetic polymers may be quite
different from those of proteins acting as crowders. These
authors have found that crowding by folded proteins (hen
egg white lysozyme and bovine serum albumin) destabilize
the protease inhibitor CI2 (21) at 20C and ubiquitin (25) at
temperatures below ~55C. Both CI2 and ubiquitin are sta-
bilized by polymer crowders under these conditions. At
higher temperatures, ubiquitin is stabilized by the protein
crowders (25). More generally, the effects of both protein
and synthetic crowders include enthalpic contributions, in
contrast to the purely entropic effect expected from steric
exclusion, suggesting the influence of weak attractive or
repulsive interactions between the crowders and test pro-
teins (25,86,87). Destabilization of a folded protein through
weak attractive interactions with protein crowders has also
recently been observed in MD simulations (26).Biophysical Journal 106(4) 905–914
912 Goldenberg and ArgyleIn this study, BPTI and Mb were selected as crowding
agents, in part because they each have the same charge
sign (positive) as l N, thus minimizing the possibility of
attractive interactions. However, the surfaces of both
proteins also contain negative charges as well as the usual
variety of nonpolar and uncharged polar groups, all of which
may form nonspecific interactions with other proteins.
Small-angle x-ray scattering measurements described in
the accompanying article, published in this issue, indicate
that the two crowding proteins display quite different self-
interactions, with Mb behaving as a simple hard sphere
and BPTI forming weak attractive interactions, particularly
in the presence of phosphate ions (45). Remarkably, crowd-
ing by neither of these proteins led to measurable changes in
the SANS profiles of l N, suggesting that both proteins
interact favorably with l N to approximately the same
average extent, thereby compensating for the expected steric
effects of crowding. It is also of note that the samples used in
these experiments contained both 50% D2O and 1 M urea,
each of which may influence noncovalent interactions.
Although the two agents are generally believed to have
opposing effects on the overall hydrophobic effect, it is
possible that intermolecular attractive interactions might
be more or less pronounced in solutions lacking both.
Another possible explanation for the failure to detect
crowding effects on lN is that the relatively high proportion
of charged residues in the protein (33 charged residues and a
net charge of þ15 at neutral pH) leads to intramolecular
electrostatic repulsion that resists the expected compaction.
Net charge is known to be a major determinant of the rela-
tive expansion of IDPs (88–91), and the overall charge den-
sity of l N places it at the border between sequences
categorized as weak or strong polyampholytes (91). IDPs
in this border region of the sequence space defined by Das
and Pappu (91) are predicted by these authors to have inter-
mediate tendency toward compact and expanded conforma-
tions, suggesting that l N would not be particularly resistant
to compaction by crowding. To fully address the role of
electrostatic interactions, however, will require further
experimental and computational studies.
Together with other recent results, the results described
herein contribute to an emerging consensus that a variety
of different, and often compensating, factors contribute
to the net energetic effects of crowding on protein confor-
mational equilibria. Further advances in this area will
likely emerge from additional quantitative measurements
of the individual contributions and better understanding
of the steric and electrostatic properties of disordered
molecules.
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